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ERG voltage-gated K+ channels regulate excitability
and discharge dynamics of the medial vestibular
nucleus neurones
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The discharge properties of the medial vestibular nucleus neurones (MVNn) critically depend
on the activity of several ion channel types. In this study we show, immunohistochemically, that
the voltage-gated K+ channels ERG1A, ERG1B, ERG2 and ERG3 are highly expressed within the
vestibular nuclei of P10 and P60 mice. The role played by these channels in the spike-generating
mechanisms of the MVNn and in temporal information processing was investigated
electrophysiologically from mouse brain slices, in vitro, by analysing the spontaneous discharge
and the response to square-, ramp- and sinusoid-like intracellular DC current injections in
extracellular and whole-cell patch-clamp studies. We show that more than half of the recorded
MVNn were responsive to ERG channel block (WAY-123,398, E4031), displaying an increase in
spontaneous activity and discharge irregularity. The response to step and ramp current injection
was also modified by ERG block showing a reduction of first spike latency, enhancement of
discharge rate and reduction of the slow spike-frequency adaptation process. ERG channels
influence the interspike slope without affecting the spike shape. Moreover, in response to
sinusoid-like current, ERG channel block caused frequency-dependent gain enhancement and
phase-lead shift. Taken together, the data demonstrate that ERG channels control the excitability
of MVNn, their discharge regularity and probably their resonance properties.
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Medial vestibular nucleus neurones (MVNn) convey
vestibular and visual signals from the labyrinth and
peripheral retina to stabilize the eye and head and
assure accurate gaze stability. Their response to peripheral
activation is not only dependent on synaptic networks,
but also on the dynamic properties of the neuronal
membrane. Therefore, considerable efforts have been
made to characterize MVNn membrane properties, ionic
conductance and intrinsic excitability (for review see
Straka et al. 2005). The aim of this research was
to investigate the neurophysiological role of the ERG
voltage-gated K+ channels in the MVNn of the mouse. Our
interest in this type of K+ channels is based on their wide
expression in many motor, sensory and integrative nuclei
in the brainstem, such as the facial nucleus, cochlear nuclei,
reticular nuclei and in the cerebellar Purkinje neurones
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(Saganich et al. 2001; Papa et al. 2003; Polvani et al.
2003; Guasti et al. 2005), including preliminary evidence
of their localization in the mouse MVN (Guasti et al.
2005). A particular reason for investigating the role of
these channels in the MVN is also their distinct functional
properties (Bauer & Schwarz, 2001; Schwarz & Bauer,
2004; Arcangeli, 2005) that are remarkably different from
other K+ channels, including the calcium-dependent K+

channels BK and SK, that have been shown to shape the
action potentials (APs) of type A and type B neurones
and to modulate their discharge pattern (Serafin et al.
1991a,b; de Waele et al. 1993; Johnston et al. 1994; du
Lac & Lisberger, 1995; Dutia & Johnston, 1998; Smith
et al. 2002). In fact, the number of ERG channels in
the open state increases progressively, depending on
cell activity without affecting the AP shape. This has
been demonstrated by delivering rectangular depolarizing
pulses to cells expressing recombinant ERG channels, at
different frequencies, which produced a sustained outward
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current that developed progressively during the interpulse
periods (Schönherr et al. 1999). It has been proposed
that this mechanism contributes to the spike-frequency
adaptation properties of neuroblastoma and cerebellar
Purkinje cells (Chiesa et al. 1997; Sacco et al. 2003).
Recently, it has been shown that these channels also
modulate the excitability of dopaminergic (Nedergaard,
2004; Canavier et al. 2007) and embryonic spinal cord
neurones (Furlan et al. 2007).

Because of this activity-dependent property, we
predicted that the presence of ERG channels in the
cell membrane of vestibular neurones would remarkably
affect neurone responsiveness and regulate the temporal
processing of vestibular signals. Here we demonstrate
that ERG channels modulate electrical properties of
the MVNn that are likely to play a crucial role in
the temporal information processing underlying the
vestibular responses to afferent signals.

Methods

Immunohistochemistry

This study was carried out by using brainstem tissue
dissected from young (P10) and adult (P60) mice
(C57BL/6). This procedure is in accordance with the
regulations of the Italian Animal Welfare Act and was
approved by the local Authority Veterinary Service, and
is in accordance with the NIH Guide for the Care and
Use of Laboratory Animals. Mice were transcardially
perfused with saline (0.9% w/v sodium chloride)
followed by paraformaldehyde (Sigma, UK, 4% w/v)
in phosphate-buffered saline (PBS, 3.2 mM Na2HPO4,
0.5 mM KH2PO4, 1.3 mM KCl, 135 mM NaCl, pH 7.4)
under terminal anaesthesia induced by chloral hydrate
(300 mg (kg body weight)−1 I.P.). Brains were removed
and post-fixed overnight at 4◦C in the same fixative,
then soaked in 30% sucrose for cryoprotection. Brains
were rapidly frozen and slices obtained with a freezing
cryostat at 30 μm thickness, and collected in ice-cold
PBS. Immunohistochemistry was performed as described
previously (Guasti et al. 2005). The specificity of
antibodies in recognizing ERG proteins in mouse brain
sections has been described (Guasti et al. 2005). Images
were acquired with a Leica DMR light microscope,
equipped with a Leica DC200 digital camera, converted
to greyscale and adjusted for brightness and contrast
using Adobe Photoshop (v.6.0; Abode Systems, San Jose,
CA, USA). Each immunohistochemical experiment was
repeated by using brainstem slices collected from three
animals at both P10 and P60.

Tissue preparation for electrophysiological recordings

This study was carried out using brainstem tissue dissected
from P20–P30 male mice (C57BL/6JO, Harlan, Italy).

Animal handling and care was in accordance with the
regulations described above. Mice were decapitated under
deep ether anaesthesia and the cranium opened to expose
the entire brain. The brain was rapidly removed and
put into ice-cold oxygenated artificial cerebrospinal fluid
(ACSF) of composition (mM): NaCl, 124; KCl, 3; NaHCO3,
26; KH2PO4, 1.25; MgSO4, 2.5; CaCl2, 2.1; glucose, 10;
ascorbic acid, 2; saturated with 95% O2 and 5% CO2,
pH ∼7.4. A block of tissue containing the brainstem was
cut into transverse slices (thickness 220–300 μm) with a
vibratome. Slices containing the MVN were incubated in
warmed (30 ± 1◦C) oxygenated ACSF, transferred after 1 h
to a submerged-type recording chamber (volume 500 μl)
and perfused at a rate of 2 ml min−1. The slice was secured
by means of a nylon mesh glued to a U-shaped platinum
wire that totally submerged the tissue in continuously
flowing ACSF (warmed to 30 ± 1◦C; pH ∼7.4).

Extracellular recordings

Extracellular recordings were carried out by using
3 N sodium chloride-filled micropipettes (resistance
3 ± 1 M�). The APs of MVNn were recorded using
an EPC9 amplifier (HEKA Elektronik), filtered at
3 kHz and acquired with a Pulse software (HEKA
Elektronik). The firing rate of the MVNn was obtained
by counting impulses over 1 s epochs or by computing the
instantaneous firing frequency (IF), as 1 per spike interval.
The regularity of firing was evaluated by determining the
width (at 1/2 of amplitude) of the Gaussian curve fitting of
IF distribution over a 30 s period.

Tight-seal whole-cell recording

Patch-clamp recordings were performed from MVNn
under visual control by using Hamamatsu and Axioskop
2FS infrared-optics and were recorded in the whole-cell
current-clamp configuration with an EPC9 amplifier
(HEKA Elektronik) and stored in a Power Macintosh G4
computer. Patch glass pipettes were pulled in several stages
to a tip of about 1 μm outside diameter, had a resistance
of 3–4 M� and were filled with an intracellular solution
containing (mM): potassium methylsulphate, 115; NaCl,
20; MgCl2, 1.5; Hepes, 5; EGTA, 0.1; Na-ATP, 2; Na-GTP,
0.5; phosphocreatine, 10; pH ∼7.4. All the data reported
in this study were obtained using this solution. The
electrode was advanced into the brain slice and a seal
with the cell membrane obtained by applying negative
pressure. Seal resistances were in the range of 5–10 G�.
The membrane was ruptured by further suction. Data
were acquired at 10–20 kHz, filtered at 3 kHz with a Pulse
software (HEKA Elektronik) and analysed with Pulse-fit
(HEKA Elektronik) and Origin7 program. Current-clamp
recordings were performed in the fast speed operating
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mode that allows better following of rapid changes in
membrane potential, such as in neuronal action potential
(www.heka.com).

Drugs

The drugs were diluted to their final concentration in
ACSF and were applied by switching to a superfusion
solution that differed only in its drugs content. Complete
exchange of the bath solution occurred in about 2 min. In
particular, the experiments were performed by perfusing
the brain slices with ACSF and by adding receptor
blockers (RB) for GABAA (GABAzine, 10 μM), AMPA
(NBQX, 10 μM), and NMDA (D-AP5, 50 μM). The use
of GABAA and glutamate receptor blockers is necessary
to avoid local spontaneously active glutamatergic and
GABAergic neurones impinging on the examined
neurones influencing their excitability (Dutia et al. 1992;
Lin & Carpenter, 1993). The solution with GABA and
glutamate receptor blockers (RB) was used as control
condition. To block ERG channels we added WAY-123,398
(WAY) to ACSF containing RB or, in few experiments,
RB plus E4031. This overall procedure was used for all
electrophysiological experiments and the parameters
were collected and analysed under RB and WAY, unless
otherwise stated. The drugs were purchased from
Tocris Cookson (Bristol, UK) and included the GABAA

receptors antagonists, (−)-bicuculline methochloride
(20 μM) and GABAzine (10 μM, GZ), the NMDA receptor
antagonist, DL-2-amino 5-phosphonopentanoic acid
(AP-5, 50 μM) and the AMPA receptor antagonist,
6-cyano-7-nitroquinoxaline-2,3-dione (NBQX, 10 μM).
To assess the functional role of ERG channels in MVNn,
we used 2 μM WAY-123,398 [(4-methylsulphonil)amido]
benzenesuphonamide) which belongs to class III
anti-arrhythmic agents that block all ERG channel types
at this concentration, in a voltage-independent fashion
(Spinelli et al. 1993; Masi et al. 2005; Faravelli et al. 1996).
WAY-123,398 was a generous gift from Dr W. Spinelli,
Wyeth-Ayerst Research, Princeton, NJ, USA. We also
used 10 μM E4031 (1-[2-(6-methyl-2-pyridyl)ethyl]-4-(4
methylsulphonylaminobenzoyl) piperidine), another
blocking agent belonging to class III anti-arrhythmics
(Sanguinetti & Jurkiewicz, 1990), to confirm the
experimental evidence obtained by using WAY. Aliquots
of stock solutions were prepared for all drugs in distilled
water and stored at −20◦C.

Data analysis

The firing response of the neurones was examined using
step-, ramp- and sinusoid-like DC current injections
through the recording electrode. Depolarizing stepwise
current pulses (50–100 pA) of different durations (up to

1 s) were delivered from a holding current that maintained
the neurone membrane potential at approximately
−70 mV. Ramp-like current injections were applied for 3 s
from a membrane potential set approximately at −70 mV
up to a final steady-state value of approximately −40 mV,
maintained for 3 s.

Sinusoidally modulated DC current injections were
delivered at frequencies ranging from 0.5 to 10 Hz. The
membrane potential was gradually set to a value that
induced a firing rate ranging from 20 to 35 impulses s−1.
During this period all membrane conductance evoked
by firing was assumed to have reached equilibrium. The
basal level of injected current (typically 0.05 nA) and the
amplitude of sinusoidal modulation (typically ± 0.03 nA)
were set in order to avoid firing cut-off, during the
hyperpolarizing phase of current modulation, and firing
saturation, during the depolarizing phase. The IF from
five consecutive sweeps, composed of six oscillations at
each frequency, were calculated and superimposed. The
IFs of each sweep were included in the analysis only
when more than four IF data points were present in
a single cycle of oscillation. The sinusoidal function,
f (t) = A + B sin(2πft + C), was used to fit these data.
The phase of the firing modulation was calculated by
considering the C parameter of the formula and the
gain by evaluating the ratio of �IF and �I (injected
current).

The recordings were performed after ≥ 10 min of
stable seal formation and were analysed on condition
that AP amplitudes were ≥ 80 mV and the resting
membrane potentials did not change more than
2–3 mV throughout the entire recording period. The
AP parameters were computed using software developed
in-house. In particular, the spike threshold was defined
as the membrane potential at which the first derivative of
the membrane potential exceeded 10 V s−1. The AP height
was measured from threshold to peak and AP duration
by computing the interval beginning at AP threshold
and ending at the point at which the horizontal line
passing through the potential threshold intercepted the
falling phase of the potential. The amplitude of the AHP
was measured as the amplitude difference between the
threshold and the minimal membrane potential in type
A neurones and between the threshold and the minimal
potential of the fast component of AHP (AHPf ) in type
B neurones. The afterdepolarization potential (ADP) of
type B neurones was measured from the peak of the
AHPf and the first upward oscillation. The steepness
of the potential variation between adjacent APs (named
interspike slope steepness) was evaluated by calculating
the mean derivative of the straight line intercepting both
the AHPf in type B neurones (or the AHP in type A)
and the AP threshold of the next spike. Input resistance
(R in) was computed by injecting hyperpolarizing currents
(typically 10 pA) and measuring the membrane potential
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deflection. The IF was computed by measuring the
interval between spikes, and the time at the end of
each interval was used to indicate the time for each IF.
First spike latency was calculated as the time elapsing
from the stimulus onset to the first AP threshold. The
steepness of IF enhancement, elicited by the ramp,
was expressed as the angular coefficient of the linear
regression fitting of the relevant values. The time course
of the progressive IF variation, observed in most neuro-
nes during both ramp and steady phase of current
injection, was evaluated by fitting the IF data points with
the exponential function, y = A1∗exp(−x/t1) + y0, from
which the rise (τr) and decay time (τd) constants were
calculated.

Different cell types have been found in the vestibular
nuclei, spanning a continuum of electrophysiological
properties, with different functional properties namely
related with the tonic and dynamic responsiveness of
neurones. The classification of type A (tonic) and B
(phasic-tonic) neurones was performed by considering
AP width (type A, 0.6–1 ms; type B, 0.4–0.6 ms) AP
half-width (type A, 0.26–0.46 ms; type B, 0.14–0.24 ms),
AHP amplitude (type A, 25–30 mV; type B, 15–25 mV)
and the presence of ADP (Fig. 3; Serafin et al. 1991a,b;
Johnston et al. 1994; Babalian et al. 1997; Takazawa et al.
2004; Straka et al. 2005; Bagnall et al. 2007). In addition,
we plotted the maximum value of the spike derivative
during the 1 ms after the spike repolarized to threshold
level (V /s of ADP) versus spike half-width, as a criterion
to distinguish GABAergic from non-GABAergic neurones
(Bagnall et al. 2007). In our study, RNs and UNs were
found scattered among both type A and B neurones and
both GABAergic and non-GABAergic neurones.

Statistical evaluation

The statistical significance of the differences observed
before and after WAY application in the neuronal discharge
was performed in each experiment for all parameters
(firing, interspike slope, latency, τr and τd) using repeated
measures ANOVA and Tukey’s post hoc test. The difference
was considered significant at P < 0.05. Neurones showing
significant changes in firing rate were named responsive
neurones (RNs) and those that did not were named
unresponsive neurones (UNs). Student’s t tests were also
performed to compare the global effects on RNs versus
UNs, shown in Figs 2, 4, 6 and 7. The goodness of the
fit was estimated by calculating the χ2 for sine function
and by correlation coefficient (R) for linear and first order
decay exponential function. The best fit was obtained by
minimizing the mean square error between the data
and the curve (Levenberg–Marquardt algorithm). The
goodness of fit was regressed against actual firing rate
values with regression lines always close to 1 and R2

between 0.95 and 0.90).

Results

Immunohistochemical localization of ERG channels
within murine vestibular nuclei

Several members of functionally distinct classes of
voltage-gated K+ channels have been cloned and
classified into different subfamilies, including the EAG
(ether-à-go-go), ELK (eag-like K+ channel) and ERG
(eag-related; Kv11). To date, four ERG channels have
been cloned and named ERG1A, ERG1B, ERG2 and
ERG3 (Warmke & Ganetzky, 1994; Shi et al. 1997;
London et al. 1997; Lees-Miller et al. 1997). In order to
determine the localization of ERG channel types within
the vestibular nuclei, rabbit polyclonal anti-ERG1A,
anti-ERG1B, anti-ERG2 and anti-ERG3 antibodies were
produced, purified and tested as previously described
(Cherubini et al. 2000; Guasti et al. 2005). By using these
antibodies, a positive immunoreactivity was observed
within the brainstem slices dissected from P60 C57/BL
mice. Many, but not all, cells located within the medial,
superior, lateral and descending vestibular nuclei were
immunopositive for ERG1A, ERG1B, ERG2 and ERG3
proteins (Fig. 1A–E). In particular, the high magnification
images of Fig. 1 show numerous neurones, within the
MVN, stained with all the antibodies. As reported for
other brain regions (Guasti et al. 2005), ERG2 appeared to
be the least expressed amongst the channel subfamily. To
examine the expression of these channel proteins, also at a
younger stage of development, brainstem slices containing
the vestibular nuclei were dissected from P10 mice. A
significant labelling for all ERG channel types was also
detected within the vestibular nuclei of these specimens.
Indeed, the expression patterns of ERG channels in
brainstem slices dissected from P10 and P60 mice were
very similar (Fig. 1F–I). At both ages, the antibodies
showed a preferential staining for the soma of vestibular
neurones. Moreover, cells not stained or weakly stained
(white arrows) could be detected amongst positively
labelled cells (black arrows). The results obtained from
three independent experiments were substantially similar
and no relevant differences were detected between the
two ages. These observations demonstrated that several
ERG channel types are expressed by vestibular neurones.
It is likely that the channels are expressed during the early
period of postnatal development as well as during the
adulthood of mammalian species.

ERG channel modulation of the spontaneous activity
of MVNn

We recorded 17 MVNn extracellularly, under RB (control
condition) and WAY to analyse the effect of ERG channel
block on the spontaneous discharge of these neurones in
the absence of main glutamatergic and GABAergic inputs
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(Fig. 2C). A significant enhancement of the spontaneous
firing rate was seen in 10 out of 17 neurones after
WAY from 19.5 ± 4.7 to 24.6 ± 4.5 spikes s−1 (P < 0.001)
(Fig. 2A and F). These were named responsive neuro-
nes (RNs). Conversely, the remaining 7 unresponsive
neurones (UNs) showed no significant changes in their
spontaneous discharge rates (P > 0.05; Fig. 2B and F).
The firing frequency of RNs increased shortly after WAY
infusion, and slowly reached a steady-state value 20 min
later. This effect reversed very slowly after drug washout
and usually lasted for all the recording period (more
than 60 min). RNs also displayed a significant increase
in discharge irregularity after WAY infusion that can be
evinced by the enlargement of the Gaussian width, from
1.53 ± 0.2 (RB) to 2.38 ± 1.0 (WAY) (Fig. 2D and G;
P < 0.01). The neurone firing irregularity consisted of
frequency fluctuations with unpredictable intervals in the
order of seconds or minutes. No significant width changes
were observed in UNs upon ERG channel blockade
(RB: 1.56 ± 0.6; WAY: 1.31 ± 0.8; (P > 0.05, Fig. 2E
and G).

ERG channel modulation of MVNn discharge
in response to square-like DC current injection

The electrophysiological properties of MVNn modulated
by ERG channels were also analysed by means of whole-cell
patch-clamp recordings, in current-clamp mode, before
(RB) and after channel blockade (WAY). Figure 3 shows
the location of RNs and UNs recorded in the MVN that
were included in the analysis. Based on the AP shape,
duration and discharge pattern, we classified 17 out of
20 neurones as type B (non-GABAergic) and 3 as type

Figure 1. Immunohistochemical localization of ERG channels in the brainstem of P60 (A–E) and P10 (F–I)
mice
A, low magnification image at the level of the vestibular nuclei stained with anti ERG1B antibody. B–I, higher
magnification images of MVN. B and F, anti-ERG1A; C and G, anti-ERG1B; D and H, anti-ERG2; E and I, anti-ERG3.
Heavily stained cells, detected with the antibodies, are pointed out by black arrows, and weakly or unlabelled
cells by white arrows. Scale bars, 250 μm in A, 25 μm in I (applies to B–H). Abbreviations: Md, medial vestibular
nucleus, dorsal part; Mv, medial vestibular nucleus, ventral part; L, lateral vestibular nucleus; S, superior vestibular
nucleus; 4V, fourth ventricle; CN, cochlear nucleus; PkC, cerebellar Purkinje cells; Rt, reticular nucleus.

A (GABAergic; Fig. 3). To evoke cell firing, square-like
depolarizing current pulses (50–100 pA) were applied
through the recording electrode (Em = ∼−70 mV; Fig. 4).
In response to a step, firing showed a first spike latency
of 45–120 ms and an immediate peak of firing (IFpeak)
of 15–90 impulses s−1 (Fig. 4A, D and E). Thereafter, the
IF decayed to steady-state values (IFss) ranging from 10
to 40 impulses s−1, exponentially, with τd ranging from
0.031 to 0.481 s (Fig. 4D and E). These responses were
examined before (RB) and after the application of WAY.
Under WAY, 70% of neurones (14 out of 20; type B,
non-GABAergic, 13; type A, GABAergic, 1) showed a
significant increase of their IF (RNs). In particular, both
the IFpeak and IFss of these RNs were significantly increased
by 14.5 ± 8.9% and 12.3 ± 8.7%, respectively (P < 0.001)
(Fig. 4D, F and G). The remaining UNs (type B, 4;
type A, 2) did not show any significant IF change upon
WAY superfusion (P > 0.05; Fig. 4E–G). All RNs showed
a significant reduction of first spike latency of ∼10%
(P < 0.01; Fig. 4A and H) and an increase of steepness
of interspike slope by ∼14% at the response peak and
by ∼12% at the steady state (P < 0.001) (Fig. 4B, I and
J). Conversely, spike threshold, amplitude, width and
AHPf were not altered, as the APs recorded before and
after WAY perfectly superimposed throughout the entire
stimulation period (Fig. 4C). Moreover, ∼30% increase in
the τd of spike frequency was observed in 10 out of 14 RNs
(P < 0.05; Fig. 4D and K). The input resistance (R in) of
RNs slightly increased after ERG channel blockade (RB:
204 ± 20 M�; WAY: 217 ± 26 M�; P > 0.05). As far as
UNs are concerned, we did not find any significant change
under WAY in R in, AP shape, frequency, latency, interspike
slopes and τd (P > 0.05; Fig. 4E–K). The comparison of
the AP parameters between type A (GABAergic) and type B
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Figure 3. Whole-cell patch-clamp recordings of MVNn
Sites of type A (squares) and type B (circles) recorded within the MVN for step, ramp and sine current injections.
Filled symbols indicate RNs and open symbols UNs. Neurones underwent combined or separate stimulations.
Abbreviations, as in Fig. 2C. On the right, APs of type B (top) and type A (bottom) neurones.

(non-GABAergic) neurones did not show any qualitative
difference, but the small sample size of type A neurones
did not allow statistical evaluation. With regard to the
regularity of the discharge, after WAY an increase of the IF
irregularity was observed in few neurones with minimal
increase of the Gaussian width (data not shown).

Figure 2. Effect of ERG channel blockade on the spontaneous firing activity of MVNn
Rate histograms of a representative discharge pattern of: A, MVN responsive neurone (RN) and B, MVN
unresponsive neurone (UN), recorded extracellularly during the superfusion of NBQX + AP-5 + GZ and of WAY
(horizontal bars) into the recording chamber. The discharge frequencies were integrated over 1 s epochs. In C,
the recording sites of RNs (black circles) and UNs (open circles) within the MVN are shown. Abbreviations: Md,
medial vestibular nucleus,dorsal part; Mv, medial vestibular nucleus, ventral part; S, superior vestibular nucleus, L,
lateral vestibular nucleus; D, descending vestibular nucleus. In D and E, histograms of firing frequency distribution
of a RN (D) and an UN (E) constructed by analysing the instantaneous firing frequencies in 30 s epochs under RB
(dark grey) and 20 min after WAY application (light grey). Continuous lines indicate the fitting of data points by
Gaussian functions. Note the increase of both the mean and width of firing frequency distribution under WAY in
RN. In F and G, bar graphs showing the mean and S.D. of firing frequency (F) and width (G) calculated from the
Gaussian curve under RB and 20 min after WAY application in RNs (n = 10) and UNs (n = 7). ∗∗Student’s t test
P < 0.01.

ERG channel modulation of MVNn discharge
in response to ramp-like DC current injection

The discharge dynamic of 34 MVNn was also studied
by injecting ramp-like currents intracellularly that
depolarized the membrane potential from ∼−70 mV to
∼−40 mV, and was maintained steady for 3 s (Fig. 5).
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Thirty neurones were of type B (non-GABAergic) with
only four of type A (GABAergic; Fig. 3). Neurones began
to discharge at potentials ranging between −51 mV and
−45 mV (firing threshold) with a latency of 0.45–2.1 s
after the beginning of current injection (Fig. 5). The time
course of IF enhancement was well described by both
single exponential function (τr = 0.5–3.8 s) and regression
line angular coefficient ranging from 4.7 to 21. At the
end of the ramp stimuli, neurones reached IFpeak ranging
from 20 to 75 impulses s−1. Afterwards, during current
holding, discharge frequency decreased exponentially in
most of the neurones with τd of 0.6–3.5 s and reached
IFss of 15–50 impulses s−1 at the end of the holding phase

Figure 4. Response of MVNn to step-like DC current injection upon ERG channel blockade
In A, B and C, superimposition of RN responses under RB (continuous trace) and under WAY (dotted trace) evoked
by 50 pA step current injection at different time scales. WAY induces shortening of the first spike latency and
firing rate increase (A), increase of interspike slope steepness (B) and no changes in the AP shape (C). Note that
WAY did not affect the AP amplitude, AHP duration or threshold. The horizontal dashed lines indicate the zero
membrane potential. In D and E, data points are the IF of representative RN (D) and UN (E) evoked by 50 pA step
stimulation before (dark grey) and under WAY (light grey). Points are fitted by exponential decay curves, from
which the τ d were calculated (values on the top). Note the τ d increases under WAY in RN with no change in UN. In
F–K, bar graphs of IFpeak and IFss, first spike latency, interspike slopepeak, interspike slopess, and τ d. All the values
are expressed as a mean ± S.D. of percentage variation observed before and after WAY. RNs (hatched columns,
n = 17) and UNs (open columns, n = 6) were grouped on the basis of frequency increase observed under WAY (F
and G). Statistical comparisons were performed in H–K by Student’s t test ∗P < 0.05, ∗∗P < 0.01.

(spike frequency adaptation). Upon WAY superfusion,
21 (RNs) out of 34 neurones (type A, GABAergic, 3;
type B, non-GABAergic, 18) showed significant increase
of the IFpeak and IFss of ∼19% and ∼39%, respectively
(P < 0.001; Figs 5A–C and 6A and B). The interspike
slope steepness calculated at the IFpeak and at the IFss

increased by ∼22% and ∼42%, respectively (P < 0.001;
Figs 5E and 6C and D). Interestingly, the time course of
the interspike slope steepness was very similar to that
of IF throughout the entire ramp (Fig. 5C–F). In the
remaining 13 neurones (UNs), the overall firing responses
to ramp-like stimuli were unchanged (P > 0.05; Figs 5D
and F , and 6A and B). All RNs showed a significant
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decrease in the discharge latency (P < 0.005) of ∼36%
(Figs 5C and 6E) and an ∼55% increase of regression line
angular coefficient that fits the enhancement of firing (data
not shown). The τr of IF and interspike slope steepness
(when exponential decay was present) increased by ∼70%
and by ∼80%, respectively (Fig. 6F and G). The τd of IF
and interspike slope steepness increased by ∼88% and by
∼92%, respectively (P < 0.01; Fig. 6H and I). Concerning
the regularity of the discharge, a slight increase of the
Gaussian curve width was observed in few cases after ERG
channel block (data not shown). Conversely, significant
changes were not observed in UNs (Fig. 6A–I). Regarding
the shape of the spike, we did not find any change in
either RNs or UNs, as the spikes before and after WAY
perfectly superimposed both at the beginning and at the
end of the ramp. Even a quantitative comparison of the
AP parameters, under RB and WAY, yielded changes that
were not significant (data not shown). Furthermore, WAY
induced similar effects on both RN type A (GABAergic)
and RN type B neurones (non-GABAergic); however,

Figure 5. Response of representative MVNn to ramp-like DC current injection upon ERG channel
blockade
In A and B, representative discharge pattern (upper trace) evoked by a ramp injected current (lower trace) under
RB (A) and WAY (B). APs were truncated at 0 mV for clarity. In C and D and in E and F data points represent IF and
interspike slope steepness, respectively, of a RN (C and E) and UN (D and F), under RB (dark grey circles) and WAY
(light grey circles). The profile of the firing frequency increase and decrease of these sample neurones were best
fitted by exponential functions (continuous line) to evaluate the rise (τ r) and decay (τ d) time constants (values at
the top, dark grey, RB; light grey, WAY). Note the increase of τ r and τ d of IF and interspike slope steepness under
WAY in RN only.

due to the small sample size of type A neurones a
quantitative comparison could not be made (data not
shown).

ERG channel modulation of MVNn discharge
in response to sinusoid-like DC current injection

The firing response dynamic of 21 MVNn (type A,
GABAergic, 3; type B, non-GABAergic, 18) was studied
by delivering sinusoid-like DC current injection (stimuli
amplitude 10–30 pA; frequency range 0.5–10 Hz; Fig. 7).
These sinewaves were preceded by a ramp and a steady
current injection (similar to that used above), during
which all membrane conductance, evoked by firing, was
assumed to have reached equilibrium gradually. The
basal level of injected current (typically 0.05 nA) and its
amplitude (typically ± 0.03 nA) were chosen in order to
increase IF to ∼30 impulses s−1, to avoid firing cut-off
and saturation. The IF was faithfully modulated by the
sinewave-like current (Fig. 7A and B). The phase was
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∼5 deg lead at 0.5 Hz and gradually decreased toward lag
(∼15 deg lag) at 10 Hz (Fig. 7C). The gain, expressed as
the percentage variation compared to the baseline gain
at 0.5 Hz in RB condition, increased by ∼25% from
1 to 10 Hz (Fig. 7D). Fifteen out of 21 neurones were
significantly (P < 0.0001) influenced by WAY (type A,
GABAergic, 3; type B, non-GABAergic, 12), as shown
by the baseline frequency increase. Indeed, upon WAY
application the firing dynamics changed in 10 out of
15 RNs (type A, GABAergic, 2; type B, non-GABAergic,
8). This change consisted of a significant phase shift
toward lead of ∼20 deg at 3, 5 and 10 Hz (P < 0.01;
Fig. 7A–C). The gain also increased in the higher frequency
range by ∼20–40% (P < 0.01; Fig. 7D). Qualitative
differences between type B (non-GABAergic) and type A
(GABAergic) neurones were not observed, but again,
quantitative evaluations could not be performed. The gain
and phase of UNs did not show any significant change after
WAY (P > 0.05; Fig. 7C, D).

Figure 6. Evaluation of the effects of ERG channel block on the whole sample of MVNn following
ramp-like DC current injection
Bar graphs showing the effects of WAY on the IF peak (A), IFss (B), interspike slopepeak steepness (C) and interspike
slopess steepness (D), spike latency (E), τ r of IF (F) and τ r of interspike slope steepness (G), τ d of IF (H) and τ d of
interspike slope steepness (I). All values are expressed as a mean ± S.D. of percentage variation observed before
and after WAY. RNs (hatched columns, n = 21) and UNs (open columns, n = 13) were grouped on the base of the
WAY-dependent frequency increase, reported in A and B. Statistical comparisons were performed between these
two groups, in C–I, by Student’s t test ∗P < 0.05, ∗∗P < 0.01.

Effect of basal discharge frequency on the response
to sinusoidal current injection

In a separate group of experiments we tested the
effect of different basal levels of membrane potential
depolarization of the neurones during sinusoidal current
injection, leading to different discharge frequencies that
ranged from 25 to 45 impulses s−1. Seven neurones out of
12 were RNs (P < 0.0001) and showed phase lead and
gain increase after WAY application. In 4 out 7 RNs
neurones WAY caused a phase lead increase of
16 ± 5 deg (P < 0.001) in response to 3 Hz oscillations
at basal frequency of 22–25 impulses s−1. This phase
shift decreased to 9 ± 5 deg (P < 0.05) at frequency
of 30–33 impulses s−1 and it was almost null at
40–45 impulses s−1 (P > 0.05). However, this effect of
basal firing frequency on phase and gain was much less
evident in the other three RNs. No differences in firing rate,
phase and gain were observed at different basal discharge

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society



J Physiol 586.20 Electrical properties of MVNn modulated by ERG channels 4887

frequencies in UNs (P > 0.05). These results suggest that
ERG channels contribute to controlling the phase of the
responses of at least some MVNn mainly at lower discharge
frequencies.

Effect of the ERG channel blocker E4031 on square-,
ramp- and sinusoid-like DC current injection

Additional supportive evidence for the role of ERG
channels on the excitability of MVNn has been provided
by using E4031, another highly specific ERG channel

Figure 7. ERG channels modulate the gain and phase of the MVNn response to sinewave stimulation
In A, firing response of a MVNn to sinusoidal current injection under RB (upper trace) and WAY (middle trace).
The intracellular current injection at 3 Hz (bottom trace) evoked a faithful sinusoidal frequency modulation. In B,
IF of a MVNn under RB (upper trace) and WAY (middle trace) in response to sinusoidal current injection (bottom
trace). Data points were fitted by sinusoidal curve (continuous line). The vertical line indicates the position peak of
sinusoidal stimulus and the arrows the peak of IF. In C and D, bode plot of the response of neurones to sinusoidal
current injection. Ten neurones (dark grey circle under RB, light grey circle under WAY) showed phase-led shift and
gain increase, whereas other 11 neurones (dark grey square under RB, light grey square under WAY) were not
affected. Gain is normalized at the 0.5 Hz level under RB condition. All the values are expressed as mean ± S.D.
and significance was calculated using Student’s t test ∗P < 0.05, ∗∗P < 0.01. Note the significant phase-lead shift
in the range of 1–10 Hz and a significant gain increase, particularly at higher frequencies.

blocker (Sanguinetti & Jurkiewicz, 1990). We found that
with E4031 (10 μM) 4 out of 7 neurones showed ∼15%
increase of IF elicited by square-like stimulation (see
Supplementary Fig. 1SA; P < 0.001), ∼10% decrease of
latency (Fig. 1SA; P < 0.01), ∼30% τd increase (Fig. 1SB;
P < 0.05). In response to ramp-like stimulation MVNn
showed ∼28% increase of IFpeak (Fig. 1SC; P < 0.01),
21% decrease of latency (Fig. 1SC; P < 0.05) and ∼75%
τd increase (Fig. 1SC; P < 0.01). In response to sine
wave stimulation, a phase-lead shift of ∼15 deg and
gain increase of ∼20% were observed at 3 Hz (Fig. 1SD;
P < 0.01). Taken together these results were substantially
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similar to those obtained under WAY-123,398.

Discussion

In this study we have shown that several ERG channel types
are expressed within the vestibular nuclei and modulate
the discharge dynamics of MVNn.

Our immunohistochemical analysis clearly
demonstrated that neurones located within the medial,
superior, lateral and descending vestibular nuclei express
ERG1A, ERG1B, ERG2 and ERG3 subunits. Positive
labelling was observed in brainstem slices of both P10
and P60 mice for all ERG channel types, demonstrating
their expression in both young and adult animals. These
results, together with the electrophysiological findings,
strongly suggest that these channels are present on the
plasma membrane of MVNn. However, the expression
levels of the different ERG subunits are unequal (e.g.
ERG2 is the least expressed), suggesting that the subunit
composition of the tetrameric channel may vary amongst
MVNn.

Functional investigations demonstrated that ERG
channel blockade induced an increase of spontaneous
discharge in more than half of the cells examined in the
extracellular mode. It is likely that this is a result of a
direct action of the drug on the same neurone under
investigation, since the main synaptic inputs from local
circuits were blocked.

Because of the effect of ERG channel block on
the spontaneous activity of MVNn, we conclude that
ERG channels are partially opened during their basal
pacemaker-like firing, contributing to setting the neurone
discharge frequency. Moreover, the spontaneous discharge
became less regular after channel block, suggesting
that these channels are also partially involved in
controlling discharge regularity. Since ERG channel
opening depends on discharge frequency, any spontaneous
membrane potential oscillation, responsible for frequency
irregularity, would be attenuated by varying ERG
channel opening. However, the effect on discharge
regularity should also greatly depend on the biophysical
properties of ERG channels and on the characteristics of
membrane potential fluctuations. In order to investigate
the mechanisms underlying the effect of ERG channel
block, step, ramp and sinewave stimuli were delivered
intracellularly through the patch-clamp electrode. We
found that ERG channel block by both WAY and E4031
significantly increased the firing frequency of most of
the neurons in response to all these stimuli, confirming
the enhancement of cell excitability observed in the
extracellular study. However, the increase in the discharge
irregularity was only occasionally observed, probably due
to different recording conditions in which the current

injections might influence the spontaneous discharge
fluctuations.

The analysis of several AP parameters revealed that ERG
channel block does not modify the threshold, amplitude,
AHPf , ADP and the overall shape of the spike, whereas
it increases only the steepness of the interspike slopes,
even after prolonged depolarization. Indeed, the time
courses of the IF and interspike slopes, in response to
ramp stimulation, were rather similar. Thus, we could state
that the control of the discharge rates by ERG channels
is basically due to an inhibitory drive on the pacemaker
activity by a certain amount of outward ERG current
that slows down the potential rising during the interspike
periods. The removal of such a drive would increase the
spontaneous firing rate as also shown by the extracellular
recordings.

As far as the dynamics of ERG channel opening is
concerned, it has been proposed that, during a train
of APs, these channels progressively accumulate in the
open state, due to their slow kinetics of deactivation.
Indeed, rectangular depolarizing pulses, delivered at
several frequencies to cell-lines or Xenopus oocytes
expressing ERG channels, produce a sustained outward
current that develops progressively during the interpulse
periods (Schönherr et al. 1999). In some cell types, this
phenomenon may be so pronounced as to stop cell firing:
spike-frequency adaptation (Chiesa et al. 1997; Sacco et al.
2003). In our study the role of ERG channels in the
spike-frequency adaptation has also been observed during
the steady phase of step and ramp current injections, as
shown by the longer decay time constant after ERG channel
block. However, by examining the discharge responses
of MVNn, during the dynamic phase of the current
injections, it became apparent that ERG block caused
a first spike latency shortening and a steeper rise time
of firing. The effect on the first spike latency suggests
that depolarizing commands are able to elicit, even early
on, a sufficient amount of ERG current, which delays
the first spike generation. The ERG current is further
enhanced during the increasing current injection, by both
membrane depolarization and higher neuronal activity
and, this, in turn, slows down the firing progression. The
amount of IF decay was variable and in some neurones
it was not clearly detectable. Since these findings have
particular implications for the processing of the synaptic
inputs in the MVNn and the ERG channel may contribute
to tune-up the appropriate filtering properties of the
neurone, we tried to obtain more information on this
issue by analysing neurone responses to sinusoidal current
injections, at various frequencies. Indeed, we found that in
many RNs, ERG channel block induces a significant gain
enhancement of 20–30% and a phase lead of 10–30 deg
in the range of 3–10 Hz and 1–10 Hz, respectively. This
could indicate that ERG channels may influence the
resonance properties of the neurones. However, not all
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the RNs showed these gain and phase changes under
ERG block, suggesting that the presence of the effect
could be conditioned by other variables, such as the
expression of different types of ERG channels, that might
change the kinetics of the channel opening. We found,
indeed, that in some neurones the amount of phase
shift depended on the firing rate induced by the level of
neuronal depolarization, suggesting that the basal firing
activity of the neurone may affect the probability of ERG
channel openings and inactivation. Therefore, it is possible
that the phase shift could be no longer detectable if the
imposed level of depolarization and firing rate is too
high to somehow influence ERG channel contribution,
negatively. As regards the type of neurones, it could also
be conceivable that ERG channels might be distributed
variously among the different types of MVNn and account
for their distinct electrical properties. In our study, we
distinguished type A from type B (Dutia & Johnston, 1998;
Camp et al. 2006; Bagnall et al. 2007) and GABAergic from
non-GABAergic neurones by using a recently proposed
scheme based on peculiar electrophysiological properties
(Bagnall et al. 2007). However, we did not find qualitative
differences between type A and type B neurones, as well as
between GABAergic and non-GABAergic neurones, upon
ERG channel block, suggesting that the different types
of MVNn express these channels. However, we cannot
exclude possible quantitative differences, since we were
only able to record a relatively small number of type
A (GABAergic) neurones that therefore did not allow
appropriate comparison.

In conclusion, we think that ERG channels contribute
to setting the frequency and the discharge stability
of vestibular neurones and to adapting their intrinsic
properties to the signal processing. It may be suggested that
ERG channels might play a critical role in mediating signal
transformations from peripheral signals to the motor
outputs, adapting the response in terms of amplitude and
timing to the functional requirements particularly during
high-frequency movements.
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